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INTRODUCTION
The increasing use of mobile phones has aroused public concerns regarding potential health risks of radiofrequency (RF) fields. Many studies have been conducted to elucidate the effects of RF fields at frequencies around 900 MHz and 1.8 GHz, which are typical of Global System for Mobile Telecommunications (GSM) signals, and at around 2.1 GHz, which is typical of the third generation systems. 1) In cellular investigations, while a few studies have demonstrated adverse effects of RF exposure, 2, 3) most studies have not provided consistent evidence of adverse biological effects under non-thermal RF exposure conditions. [4] [5] [6] Overall, it is critical to resolve these discrepancies.
Studies evaluating the effects of exposure to RF fields on the expression of specific genes, such as heat shock proteins (HSPs) and proto-oncogenes, have also been performed as a basis for understanding the molecular changes. The expression of HSP70, HSP27, HSP90, c-fos, c-jun and c-myc mRNA and/or protein has been investigated using many kinds of cells and animals under various RF exposure conditions. 7) The majority of these investigations reported no effects, [8] [9] [10] [11] however some reports demonstrated increases in HSP and c-fos expression following RF exposure. [12] [13] [14] [15] In the past decade, powerful high-throughput screening techniques of transcriptomic and/or proteomic have been used to study the effects of exposure to RF fields. These techniques allow for the simultaneous screening of the expression of thousands of genes and/or proteins. 7, 16) Some studies demonstrated differences of gene expression following exposure to RF fields. 17, 18) However, some studies, that have attempted to validate the results of microarray experiments using reverse transcription polymerase chain reaction (RT-PCR), demonstrated no such changes of gene expression. [19] [20] [21] Validation has not yet been performed in most studies, although the results of microarrays contain serious uncertainties and chances for false-positive findings. Therefore, more microarray studies validated by other methods are necessary to evaluate the certainties of such investigations.
In this study, we investigated the effects of exposure to RF fields on gene expression in a normal human glial cell line, SVGp12, 22) using DNA microarray and the results were validated by RT-PCR. The aim of this study was to evaluate the effects of the RF fields generated by mobile phones, which are used near the brain. Therefore, brain-derived cells were suitable for our study. In addition, the possibility of differences among species supports the necessity of studies using not only animal but also human-derived cells, and the possibility of differences of gene expression between tumor and normal cells supports the necessity of studies using normal cells. However, human brain-derived normal cells are hard to obtain and grow. To solve this problem, we used SVGp12 cells.
MATERIALS AND METHODS

Cell culture
The human fetus-derived astroglia cell line, SVGp12 (ATCC ® CRL-8261™; American Type Culture Collection, Manassas, VA, USA), was cultured with Eagle's minimum essential medium (Nikken Bio Medical Laboratory, Kyoto, Japan) supplemented with 10% fetal bovine serum (FBS; BioWest, Miami, FL, USA), 0.1 mM non-essential amino acids and 1 mM sodium pyruvate.
RF exposure
Cells were seeded at a density of 1.5 × 10 4 cells/cm 2 , and cultured for 24 h before exposure. Cells were then exposed to RF fields at 1, 5, and 10 W/kg specific absorption rates (SARs) for 1, 4, and 24 h in a specially designed exposure apparatus based on a cylindrical waveguide using TM01 mode ( Fig. 1) , as reported previously. 23) Briefly, the apparatus consists of a cylindrical waveguide, the end of which is terminated by a short circuiting metallic plate to generate standing waves, and a signal generator (E4438C ESG, Agilent Technologies, Santa Clara, CA, USA). A culture dish of inside diameter 90 mm is placed on the short circuiting metallic plate inside the waveguide, where the conditions of atmosphere are controlled appropriately for cell culture by introducing 5% CO2 and 95% humidified air.
In this experiment, we made three improvements on the apparatus previously used; i) addition of a Peltier effect device on the metallic plate to control the temperature of the culture medium, ii) increasing the length of the waveguide to improve the precision of electromagnetic distribution in the waveguide, iii) changing the structure of the end of the waveguide to allow a cell culture dish to be easily inserted and removed. The Peltier effect device, a 31 mm diameter disk, was controlled by a Peltier controller (TDC-1550; Cell Sytem Co. Ltd, Kanagawa, Japan), and maintained the temperature at 36.8 ± 0.4°C at the bottom of a culture dish. The length of the waveguide was extended from 230 mm to 490 mm, which improved the purity of transmission mode of TM 01 in the waveguide to allow the better-defined electromafnetic field distribution in the medium.
A continuous microwave signal of 2.45 GHz from a signal generator was provided through a power amplifier (A0825-5050-R; R & K Co. Ltd., Shizuoka, Japan). A directional power meter (Power Reflection Meter NRT with power sensor NRT-Z44; Rohde & Schwarz, München, Germany) monitored the input power and the reflected power. A 3-stub tuner (MS-N-808, Nihon Koshuha Co. Ltd., Yokohama, Japan) was inserted to establish impedance matching.
The dosimetry of RF fields is performed with both numerical and experimental approaches. The results agreed fairly well. The SAR distribution is shown in Fig. 2 , which was obtained from temperature elevation measured by fiber optic temperature probes (Fluoroptic Thermometer 790, Luxtron, Santa Clara, CA, USA). The SAR values are defined by spacially averaged values on the bottom of the medium, where cells were located. The relationship between input power and the average SARs are shown in Table 1 . The input power was determined by the forward transmission power minus reflected power measured with the directional power meter. Sham exposures were performed using the same unit except for RF signal.
RNA extraction, amplification, and hybridization
After exposure to the RF fields, total RNA was extracted Fig. 1 . A picture of the experimental system used for exposure to radiofrequency electromagnetic fields.
Fig. 2.
Measured specific absorption rate (SAR) value at the bottom of the culture medium. SAR value is calculated by using temperature elevation at each point. using an RNeasy Mini Kit (QIAGEN GmbH, Hilden, Germany) according to the manufacturer's instruction. The concentration of extracted RNA was measured using a UVvisible spectrometer (SmartSpec™3000; Bio-Rad, Hercules, CA, USA) by absorption at a wavelength of 260 nm, and the purity of the RNA was assessed using an Agilent 2100 bioanalyzer (Agilent Technologies) and an RNA Nano Chips Kit (Agilent Technologies). Only RNA samples in which the ratio of ribosomal RNA 23S to 18S was more than 1.8, were used for the subsequent microarray analysis.
An amplification reaction with simultaneous introduction of amino-allyl groups to the amplified antisense RNA (aRNA) was performed using an amino-allyl RNA amplification kit (Sigma-Aldrich, St Louis, MO, USA) according to the manufacturer's instruction, starting with 2 μg of total RNA. Purified aRNA was labeled using the Cy3 MonoReactive Dye pack (Amersham Biosciences UK Limited, Little Chalfont, Buckinghamshire, UK) for aRNA derived from sham-exposed cells, and Cy5 Mono-Reactive Dye pack (Amersham Biosciences) for aRNA derived from RF exposed cells according to the manufacturer's instructions. Briefly, 15 μg of aRNA was precipitated with 70% ethanol/78 mM sodium acetate solution and reprecipitated with 70% ethanol. After removal of the 70% ethanol, aRNA was reacted with Cy3 or Cy5 Mono-Reactive Dye at 40°C for 1 h, and purified using an aRNA Filter Cartridge, which was provided as a component of an Amino Allyl MessageAmp™ aRNA kit (Ambion Inc., Austin, TX, USA). The dye incorporation efficiency and concentration of dye-labeled aRNA were analyzed spectrophotometrically at 260 nm for aRNA concentration, 550 nm for Cy3 incorporation, and 650 nm for Cy5 incorporation (SmartSpec™3000). After fragmentation of the dye-labeled aRNA was performed at 94°C for 15 min, samples were hybridized on a DNA chip (AceGene Premium ® Human; DNA chip laboratory, Yokohama, Japan) at 50°C for 18 h using a hybridization chamber (CHBIO™; Hitachi Software Engineering Co., Ltd., Tokyo, Japan).
Three independent experiments were performed under each experimental condition, for a total of nine experimental conditions, consisting of three SARs at three time points. Consequently, 27 independent hybridizations were performed on non-pooled RNA.
Semi-quantitative RT-PCR analysis
The RNA samples, which were used for microarray analysis, were also used for semi-quantitative RT-PCR analysis. cDNA was synthesized from the extracted RNA using a PrimeScript™ RT reagent Kit (TaKaRa Bio, Shiga, Japan) according to the manufacturer's instructions using random 6mers and oligo dT as primers. Semi-quantitative PCR was performed using a SYBR ® Premix Ex Taq™ II Kit (TaKaRa Bio) and a Smart Cycler ® II System (Cepheid, Sunnyvale, CA, USA) or RotorGene RG-3000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. In this system, PCR products were quantified using SYBR ® Green I as an intercalating dye. Cycle conditions were as follows: after an initial incubation at 95°C for 10 s, 40 cycles of denaturation at 95°C for 5 s and primer annealing at 60°C for 20 s were performed. Fluorescence was measured at 60°C. The threshold cycle (Ct) value was determined by the 2 nd derivative maximum method. The primers used in the study are summarized in Table 2 . Expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ribosomal protein S18 (RPS18) was used to standardize the amount of template cDNA.
Oligonucleotide microarray data acquisition
The hybridized AceGene Premium ® Human slides were scanned using a ChipReader™ (Virtek Vision Corp., Waterloo, ON, Canada) with a 10 μm resolution and excitation wavelengths of 532 nm for Cy3 and 635 nm for Cy5, simultaneously. Each chip contained 50 mer oligonucleotide probes for 30,000 features. For about 10,000 out of the 30,000 features, gene names and gene functions had been assigned. For about another 10,000 features, only gene names had been assigned (their functions remain unknown). Of the remaining 10,000 genes, neither gene name nor gene function had been assigned, because these 10,000 genes were selected by the DNA chip laboratory as predicted expression genes. The 16 bit grayscale image files obtained were quantified using DNASIS Array version 2.6 (Hitachi Software Engineering Co., Ltd.), which used an adaptive spot finding method to acquire spot intensities from the mean pixel value and automatically flagged poor quality spots.
Microarray data preprocessing and normalization and statistical analysis
The intensity data were transferred to GeneSpring GX version 7.3.1 (Agilent Technologies) and normalized using the LOWESS method. The data were filtered by fold increase with more than 2-fold and less than 0.5 (1/2), or more than 1.5-fold and less than 0.67 (1/1.5). The filtered data were again filtered on the basis of reproducibility; the fold changes were altered beyond the threshold as noted above, in more than 2 out of 3 experiments. Statistical analysis of the remaining genes after filtration was performed by t-test corrected with the Benjamini and Hochberg false discovery rate.
RESULTS
Differential gene expression
There was no difference in cell growth between RF and sham exposures (Table 3) . No morphological changes were observed between RF and sham exposures and between before and after exposure (data not shown).
The results of differential gene expression are shown in Table 4 . The number of significantly altered genes was obtained after filtration of flags, cutoff by fold-change threshold, shown in Table 4 , and statistical analysis using ttest with correction for multiple comparisons. After filtration of the 2-fold cutoff, only one gene was detected as being significantly up-regulated by exposure to RF fields, and a total of 4 genes were detected as being significantly downregulated by exposure to RF fields. After filtration of the 1.5-fold cutoff, a total of 17 genes were detected as being significantly up-regulated by exposure to RF fields, and a total of 11 genes were detected as being significantly downregulated by exposure to RF fields. Overall, we concluded that very few genes were altered by RF exposure, since only 0.28% of about 10,000 genes, which were judged as "present", were found to be altered significantly. The gene names that were judged as being significantly altered are shown in Tables 5 and 6 for up-regulated and downregulated genes, respectively.
Validation of significantly altered genes by RT-PCR
Although the technologies for DNA microarray have progressed, the potential for miss-leading results still remain because this technology is designed to evaluate the expressions of many genes simultaneously. Some genes do not exhibit correct expression profiles because the hybridization conditions are not appropriate for all 30,000 genes. To validate the results of the microarray analysis, we performed semi-quantitative RT-PCR analysis for all genes that were judged as being significantly altered after filtration of the 1.5-fold cutoff and were linked to Gene Accession Numbers. Although a total of 28 genes passed as prospective altered genes after filtration of the 1.5-fold cutoff, 23 genes out of the 28 could be linked to Gene Accession Numbers. One out of the 23 genes, suitable primer set could not be designed.
As a result, we performed RT-PCR experiment to validate the expression of these 22 genes. In PCR analysis, target gene expression was standardized to both GAPDH and RPS18 mRNA expression because, to date, no genes have been sufficiently consistent to be considered as a suitable house-keeping gene for standardization of the results of PCR. The results of PCR standardized to GAPDH were similar to those standardized to RPS18. For all tested genes, there was no significant difference between the gene expression in the RF exposed cells and that in sham-exposed cells (Table 7) .
DISCUSSION
In this experiment, we evaluated the effects of exposure to RF fields on gene expression in human fetus-derived SVGp12 cells using a high throughput analysis method. Under all conditions investigated in this study, we could not detect any alteration in the expression of genes by exposure to RF fields.
We performed 3 independent hybridizations on nonpooled RNA under 9 different conditions (27 in total) to obtain sufficient biological replicates and to allow us to conduct statistical analysis. When we selected a cutoff value of 2-fold, which is a common cutoff value in microarray experiments, [24] [25] [26] only 5 genes appeared to be statistically significantly altered throughout the 9 conditions (Table 4 ). This represents too few genes to allow us to understand the tendencies of the RF exposure effects. Therefore, we again performed statistical analysis using a cutoff value of 1.5-fold, which is another common cutoff value in microarray experiments. 27, 28) This change led to an increase in the number of genes; however, the difficulty of understanding the tendencies of the RF exposure effects remained. Increasing the SAR did not lead to any increase in altered genes, and increasing exposure duration did not lead to any increase or decrease in altered genes.
The number of genes that were judged as statistically significantly altered changed depending upon the number of genes that were used for the statistical analysis. The number of genes used for the statistical analysis changed depending upon the cutoff threshold value. For these reasons, the number of the statistically significantly down-regulated genes that met the 1.5-fold cutoff might be smaller than that of the 2-fold cutoff in 1 W/kg-24 h and 10 W/kg-4 h experimental groups (Table 4) . In statistical analysis of 1 W/kg-24 h, 3 genes were used for statistical analysis after filtration of the 2.0-fold cutoff although 16 genes were used after fil- Table  7 ). The most plausible reason for the false-positive results of microarray is thought to be the low expression level of genes that have been judged as being significantly altered by microarray. For example, in microarray analysis of exposure to RF fields at 1 W/kg of SAR for 4 h, the most intensely expressed gene was β-actin; with an average intensity from 3 independent experiments of 22,008 fluorescence unit under our scanning conditions of the microarray chips. However, the fluorescence intensity of almost all genes that were judged as being significantly altered was around 100-500 units. These intensities were less than 1/40 than that of β-actin, and were almost at the lower limit of the microarray accuracy. The larger standard deviation of lower intensity signals compared with higher intensity signals has been reported previously, which further supports our suggestion. 29, 30) In this experiment, we detect 23 assigned gene spots and 5 non-assigned gene spots as prospective altered gene spots by microarray analysis. However, no significant alterations in gene expression were observed in 22 genes out of the 23 assigned genes analyzed by RT-PCR. Compared with microarray, RT-PCR is more accurate for investigating the levels gene expression. Therefore, our results suggested that there were no effects of exposure to RF fields on gene expression. Our results are consistent with previous studies showing that there were no detectable biological effects of exposure to non-thermal RF fields. [19] [20] [21] In contrast, our results are not consistent with previous studies showing the biological effects of exposure to RF fields. 17, 18) This inconsistency thought to be due to non-validation of experiments 17) or different species, different exposure systems, different cell homogeneity compared with our experiments. 18) In conclusion, we found no evidence to suggest that exposure to RF fields affected gene expression in SVGp12 cells under the current experimental conditions. 
